The mid-Pleistocene transition (MPT) from obliquity-to eccentricity-forced climate variations has been extensively documented within the oceanic realm. Using a collection of orbitally tuned records of palaeoclimatic change from the loess sequences of northern China, we have analysed terrestrial palaeomonsoon behaviour since 1.5 Ma and characterised the structure of the MPT. Wavelet analysis of a stacked magnetic susceptibility record from the loess sequences indicates that the onset of 100-kyr cyclicity was synchronous in both global ice volume and the East Asian monsoon system. However, analysis in the time domain reveals that during the MPT 'interim' period the East Asian winter monsoon appears to have weakened whilst global ice volume was increasing, indicating that the palaeomonsoon was not the primary forcing mechanism responsible for driving the global climatic change. ß
Introduction
The mid-Pleistocene transition (MPT), which marks the movement to 100-kyr glacial cyclicity, represents an important evolutionary process in global palaeoclimatic history. During the MPT global climate shifted from a mode characterised by V41-kyr cyclicity (obliquity) to a new state dominated by V100-kyr periods corresponding to eccentricity variation (Pisias and Moore, 1981; Ruddiman et al., 1989) . To examine the structure of the MPT in the northern hemisphere, Mudelsee and Schulz (1997) performed a statistical analysis in both the time and frequency domains, of astronomically tuned records of oceanic N 18 O variation (comprising three records from the Atlantic and two records from the Paci¢c). Their model identi¢ed an initial 'attempt' (hereafter referred to as the 'MPT precursor') by the climate system at V1200 ka to move to a mode similar to that observed during the major glaciations of the late Pleistocene (Mudelsee and Stattegger, 1997) . Subsequently a shift in N 18 O at 922 þ 12 ka (related to ice-volume increase) marked the initiation of the MPT, after which there was a prolonged interim period (280 kyr) before the onset of 100-kyr cyclicity at 641 þ 9 ka. Although such research has resulted in the characterisation of the MPT structure, the driving mechanism behind the observed climatic changes remains unclear.
Through their analysis of orbitally tuned oceanic records, Park and Maasch (1993) demonstrated that variations in N 18 O showed a constant phase relationship with the 124-kyr eccentricity cycle V300^400 kyr before the growth of major ice sheets in the mid-Pleistocene. Subsequently, the variations in N 18 O became phase-locked with the 95-kyr eccentricity cycle and grew in amplitude until 0.5 Ma. This structure led Park and Maasch to conclude that factors other than cycles in orbital insolation would be required to fully explain the MPT.
Using a multiple-state climate model Paillard (1998) produced a modeled time series which contained a switch from obliquity to eccentricitydominated climate in the period 0.8^1 Ma. Paillard envisioned gradually decreasing atmospheric pCO 2 levels that eventually resulted in a weakening of the Earth's greenhouse e¡ect to allow the development of ice sheets of su⁄cient magnitude to force the climate system into an eccentricitydominated mode. Such a mechanism had previously been considered by Raymo (1997) who proposed a reduction in the strength of the Earth's greenhouse by the long-term drawdown of atmospheric pCO 2 levels by tectonic processes.
Investigations of ocean sediments from the South Atlantic by Schmieder et al. (2000) revealed the presence of an event at V1150 ka similar to the MPT precursor. From their analysis of the structure of the MPT commencement, termination, and interim period, Schmieder et al. (2000) concluded that the MPT event should not be viewed as a gradual transition between two climatic states, but instead the interim period represented a third state, characterised by an enhanced in£uence from a southern source of deep waters and a weakening of the North Atlantic deep water (NADW) circulation. Rutherford and D'Hondt (2000) noted that the growth of eccentricity-dominated cycles in the climate system coincided with the propagation of tropical semiprecession cycles to higher latitudes. By studying the phase of the di¡erent periodic components contained within oceanic palaeoclimatic records they hypothesised that the 100-kyr glacial cycles had been triggered by a strengthening of the northern hemisphere semiprecession cycles resulting from an increased heat £ow from the tropics to higher latitudes at V1.5 Ma.
In the continental realm, An et al. (2001) have suggested that previous climatic transitions, e.g. the onset of major northern hemisphere glaciations after V2.6 Ma, could have both in£uenced and been in£uenced by the development of the Asian monsoons and their responses to the uplift of the Tibetan plateau. Fang et al. (1999a,b) considered the in£uence of the uplift of the Tibetan plateau on the Asian monsoon system during the MPT. They proposed that once the Tibetan plateau reached a su⁄cient height to enter the cryosphere at V800 ka, albedo increased, leading to a cooling of near-surface air and enhancement of the Tibetan high-pressure cell. Such a mechanism would result in global cooling and strengthening of the winter monsoon due to increases in the thermal gradient between high-latitude areas and the equator. Via this plateau-air circulation coupling model, Fang et al. (1999a,b) suggested that the uplift of Tibet may have played a signi¢cant role in the increase of global ice volume during the mid-Pleistocene. Unfortunately, the base of the Fang et al. palaeoclimatic record had an age of V800 ka and therefore did not span the entire MPT. Additionally, only 11 data points of the Fang et al. time series were located within the MPT and therefore the record cannot provide a detailed insight into this period of climatic change.
These investigations demonstrate that more work is required to determine whether the MPT was driven by atmospheric (e.g. reduced CO 2 ), oceanic (e.g. weakening NADW and/or increased northward heat transfer) or continental (e.g. uplift of the Tibetan plateau) factors. The availability of high-resolution palaeomonsoon records from the loess sequences of northern China allows the latter, continental, hypothesis to be tested. Multiproxy analyses of palaeomonsoon activity recorded in the loess deposits of China provide important information concerning the evolution of the East Asian climatic system and have the potential to provide a detailed terrestrial record of climatic change that spans the entire MPT. Such records, which can be constrained in the time domain using a high-resolution astrochronology (Heslop et al., 2000) , will provide insights into the character of the oceanic^terrestrial climate linkage during the MPT. In addition, the timing and magnitude of changes contained within the loess palaeoclimatic archive will reveal any role the uplift of the Tibetan plateau may have played on the transitional process.
The East Asian monsoon system and loess deposits of northern China
The di¡erent heat capacities of the atmosphere, land and oceans and their individual responses to incident solar radiation create signi¢cant thermal gradients between the continental masses and the oceans. Such temperature di¡erences between the Asian landmass and Paci¢c Ocean drive the East Asian monsoon and control the climatic regime across the region of the Chinese loess plateau Derbyshire et al., 1997; An, 2000) . The monsoon is composed of two seasonal components, which re£ect changes in the mechanisms that drive the climate during the winter and summer months. The winter monsoon is characterised by the eastward movement of cold and dry continental air through South East Asia, a process driven by the Mongolian^Siberian high-and Aleutian low-pressure systems as a result of the relative warmth of the Paci¢c Ocean compared to the Asian landmass. The winds of the winter monsoon carry loessic dust from source areas around the Tibetan plateau and Gobi desert and transport it to the loess plateau region of northern China. In the summer months, warming of the Asian landmass causes the winds to shift to an easterly direction and drive warm, moist oceanic air over the Chinese mainland; this process increases temperature and precipitation over the loess plateau region.
The loess deposits of northern China contain a unique record of palaeomonsoon activity and climatic evolution throughout the Quaternary (for a review see Derbyshire et al., 1997) . In terms of palaeomonsoon activity the lightly weathered loess units accumulated during the cold and dry periods of winter monsoon domination correspond to glacial periods. During interglacial episodes weakened air movement during the winter months results in a reduced dust £ux to northern China, whilst increases in precipitation and temperature during the summer monsoon result in the post-depositional pedogenic weathering of the loessic sediment and the formation of palaeosol horizons.
A number of physical proxies are utilised to reconstruct palaeomonsoon activity from the loess archive. To investigate past winter monsoon activity physical grain size and sedimentation rates (SR) are analysed; both of these are expected to increase as the intensi¢cation of the winter monsoon results in more vigorous westerly air movement. A variety of grain size measurements from sites across the loess plateau have been successfully utilised in the reconstruction of past winter monsoon levels at both orbital scales (Ding et al., 1994 (Ding et al., , 1995 (Ding et al., , 1999 Shackleton et al., 1995; Xiao et al., 1995) and sub-orbital scales Chen et al., 1997) .
During periods of summer monsoon dominance the pedogenic processes that drive palaeosol formation promote the production of ultra-¢ne-grained ferrimagnetic minerals (magnetite and/or maghaemite) in the loess sedimentary matrix (Maher and Taylor, 1988; Zhou et al., 1990; Maher, 1998) . Liu (1985) showed that variations in low-¢eld magnetic susceptibility (M, used to assess the concentration of pedogenic magnetic minerals) between the Holocene soil S 0 and loess unit L 15 (V1.2 Ma) could be correlated unambiguously between sections in the central and southern loess plateau. Subsequently, Lu et al. (1999) demonstrated that the M correlation could be extended below L 15 , verifying that the palaeoclimatic proxy records were consistent in the central and southern loess regions. The close correlation between variations in M in the loess and that of N 18 O in oceanic sediments was ¢rst noted by Heller and Liu (1986) . Subsequently, M has been utilised as the primary proxy of summer monsoon activity, resulting in the construction of coherent palaeomonsoon records at orbital scales (Maher and Thompson, 1992; Bloemendal et al., 1995; Heller and Evans, 1995) and shorter records covering the recent loess deposits at sub-orbital scales (Chen et al., 1997; Fang et al., 1999a,b; Heslop et al., 1999) .
A number of authors have considered variations in loess accumulation rates throughout the Quaternary (Rolph et al., 1989; Rutter et al., 1991; Bloemendal et al., 1995) . Because SRs are higher (lower) during glacials (interglacials) it should be possible to utilise them as a palaeoclimatic proxy. Calculated SR is controlled primarily by the chronology used to date a sediment sequence. Previously, SR schemes could only be constructed at a low resolution using palaeomagnetic reversals as age markers. Through the use of an astrochronology (Heslop et al., 2000) a highresolution SR record can now be constructed making SR a viable proxy for palaeomonsoon behaviour. In this case such a SR scheme cannot be considered as totally independent of variations in M because the time-to-depth relationship of each section was determined via the correlation of the M proxy to the astronomical chronology.
Loess chronology and record stacking
Five records of magnetic susceptibility were utilised here in the construction of a stacked loess record to study the structure of the East Asian monsoon MPT in detail. The analysed time series consisted of data from Lingtai (Ding et al., 1999) , two sections from Luochuan (Kukla et al., 1990; Lu et al., 1999) and two sections from Xifeng (Kukla et al., 1990 , Fig. 1 ). Before undertaking the orbital tuning of each section the individual records were normalised to zero mean and unit standard deviation. To provide an accurate, high-resolution, chronology that was consistent with the current understanding of loess depositional and post-depositional processes the selected sections were tuned to the La 90ð1;1Þ 65 ‡N summer insolation solution of Laskar (1990) , based on the HLD 00 astronomical scheme of Heslop et al. (2000) . The 65 ‡N insolation curve was utilised in preference to a lower latitude solution because it contains a stronger obliquity component that is required to explain the precession/obliquity interference patterns observed in the palaeomonsoon records. Once each record had been tuned, the time series were linearly interpolated onto a common time scale (24^1500 ka, 1-kyr increments, Fig. 2 ). The ¢nal magnetic susceptibility stack (M-Stack, see Fig. 3 ) was constructed by calculating the arithmetic mean and standard deviation for the ¢ve sections at each time point. By stacking a number of individual records random errors will be substantially smoothed from the ¢nal record and the in£uence of geographically dependent features can be reduced. SRs, re£ecting winter monsoon intensity, were calculated for each of the sections and these pro¢les were stacked (SRStack, see Fig. 3 ) in a similar manner to the magnetic susceptibility time series. Because of the inter-dependency of the M and SR stacks, the median grain size (MGS) record from Lingtai (see Fig. 3 ; Ding et al., 1999) was tuned to the HLD 00 solution in order to act as an additional, independent, record of winter monsoon variation. the oceanic record has revealed a number of interesting features within the loess records (Fig. 3) .
Comparison of records

The 'L 15 event'
The MGS data from Lingtai show a dramatic coarsening in loess unit L 15 . This coarsening indicates a major intensi¢cation of the East Asian winter monsoon system at a time of V1200 ka, corresponding to Marine Isotope Stage (MIS) 36 and coincident with the MPT precursor of Mudelsee and Stattegger (1997) . Although MIS36 is a Fig. 2 . Tuning of the selected loess sections (normalised M) to the La 90ð1;1Þ insolation curve using the astronomical scheme of Heslop et al. (2000), 'Luochuan 1' and 'Luochuan 2' correspond to the data of Lu et al. (1999) and Kukla et al. (1990) respectively. Identi¢ed palaeosol horizons are shown by grey shading. Even-numbered insolation cycles are marked using the i-cycle codi¢ca-tion of Lourens et al. (1996) . cold stage, it would not appear to be an event of su⁄cient magnitude to explain the extreme MGS values observed in L 15 . In addition the MPT precursor is re£ected in the SR-Stack as a large increase in the volume of incoming detrital material transported by the winter monsoon system. It can therefore be excluded that its presence in the MGS record would represent a local feature typical of Lingtai only. Examination of the M-Stack at L 15 shows that, although there is a trough in the curve, the magnitude of the feature does not re£ect that observed in the MGS time series. This demonstrates a limitation of using M as a monsoon proxy. Meng et al. (1997) showed that whilst M values in palaeosols were dependent on climate and geographical position, the M values of loess units were uniform throughout the loess plateau region. They suggested that this pattern was observed because the majority of the magnetic grains within the loess units were detrital in origin and therefore unin£uenced by summer monsoon intensity. It is clear from the M-Stack that once summer monsoon activity has passed below a threshold level, it is not possible to detect further changes in its intensity because the magnetic assemblage is dominated by detrital material. As a result of this asymmetrical M response mechanism, extreme features such as the L 15 event are not fully recorded in the magnetic susceptibility archive. Guo et al. (1998) identi¢ed L 15 as a loess unit whose properties across the plateau could not be explained in terms of the normal forcing mechanisms of global ice-volume and insolation change. Our study shows that the timing of the L 15 event clearly links it to the MPT precursor. It cannot be determined, however, whether the linkage is one of cause, e¡ect, or association.
The MPT
The structures of the M-Stack and ODP677 record are very similar during the 920^640-ka MPT interim period. The ¢rst large glacial of this period, MIS22, is recorded in the MGS winter monsoon curve as L 9 and appears in the M-Stack as a baseline value. The M variations observed in palaeosols S 8 , S 7 and S 6 clearly correspond to MIS21, 19 and 17 respectively. The relationship between the ODP677 N 18 O, MGS and SR-Stack values does not appear to be so simple. Glacial N 18 O stages 22 and 16, at the commencement and termination of the MPT interim period respectively, are of comparable magnitude in the oceanic record. In both the MGS and SR time series however, L 9 is recorded as an episode of signi¢cantly more intense winter monsoon activity than L 6 . This disparity would indicate that whilst global ice volume was gradually increasing during the MPT the East Asian winter monsoon system was waning. Within the interim period, L 8 is a thin unit with grain sizes similar to those of the loess units deposited before the MPT. Unit L 7 is substantially thicker than L 8 and contains coarser grains than those observed in L 6 , again suggesting that between the formation of L 7 and L 6 the winter monsoon was weakening whilst ice volume was increasing.
When investigating a climatic transition such as the MPT it is important to consider the e¡ect a fundamental recon¢guration of the winter monsoon system would have on proxy-climate records. For example, changes in the direction of the winter monsoon winds resulting from uplift of the Tibetan plateau could lead to detrital material being transported from additional/alternative source areas, therefore changing the characteristic properties of the deposited loess. Under such a scenario variations in proxy values could not be viewed as re£ecting changes in seasonal monsoon intensity. In the case of the MPT we believe that such a source area shift is unlikely. In a geochemical investigation spanning Luochuan units L 1 to L 7 (V25^760 ka), Gallet et al. (1996) concluded that for the duration of the studied time period the dust deposited in the central loess plateau had originated from a single source area. More recently, Ding et al. (2001) , showed that the detrital component of the late Pleistocene loess at Lingtai had originated from the same source area as the aeolian material Fig. 4 . Top: to create input time series for the CWT, the ODP677 and M-Stack curves (normalised to mean zero and unit standard deviation) were processed using the CLEAN spectral algorithm (Roberts et al., 1987) and reconstructed in the time domain with periods between 125 and 18 kyr. Bottom: wavelet power spectra for the CLEAN ODP677 and MStack time series. The ¢lled areas are calculated at total power levels of 0^25% (black), 25^50% (dark grey), 50^75% (grey), 75^95% (light grey) and 95^100% (white). Regions that were in£uenced by the zero padding of the time series are hatched.
found in the underlying Pliocene red-clay formation. These investigations demonstrate the apparent continuity of the loessic dust source area through time, indicating that the proxy-climate records can be interpreted as reliable records of palaeomonsoon variability.
Wavelet time^frequency analysis
Investigation of the non-stationary behaviour recorded in the M-Stack is fundamental to understanding the structure and timing of the MPT in the East Asian monsoon system. Previous loess studies (e.g. Kukla et al., 1990; Bloemendal et al., 1995) have utilised the short-term Fourier transform (STFT) procedure to map a time series into a two-dimension function of time and frequency. Such a time^frequency function allows the identi¢cation of regions in a time series where the frequency content of the signal undergoes change. The analysis is, however, strongly controlled by the STFT windowing function, which is used to separate the time series into segments that are believed to exhibit pseudo-stationary behaviour. Application of a long window will produce a map with good localisation of the frequency content, but any observed variations in that frequency content will be poorly localised in time. Conversely, a short window will provide good time localisation but will de¢ne poorly the frequency content of the signal. A drawback of STFT analysis is the use of a window of ¢xed size to analyse the full frequency spectrum contained within a time series. For example, in the MPT a shift from obliquity (V41 kyr) to eccentricity (V100 kyr) is observed, however if both components are analysed in a constant window more than twice as many obliquity cycles will be sampled than eccentricity cycles, therefore biasing the analysis.
We chose to examine local frequency information using wavelet analysis, because it is scale independent (for a review see Torrence and Compo, 1998) . Wavelet analysis allows the e¡ective window size to vary according to the frequency component that is being studied, i.e. long (short) intervals are used to de¢ne low (high) frequency signals. Previously, Lau and Weng (1995) analysed Quaternary palaeoclimatic change by performing a wavelet transform on a N 18 O time series (0^2.5 Ma) from the North Atlantic ODP607 core (Raymo et al., 1990) . They found that ice-volume variations were controlled by two dominant oscillations of V40 and V100 kyr including a switch from 40-to 100-kyr cyclicity at 700 ka, corresponding to the MPT.
Before performing the continuous wavelet transform (CWT) the selected loess M-Stack and ODP677 N 18 O time series were preprocessed using the CLEAN spectral algorithm (Roberts et al., 1987) to produce robust frequency spectra. CLEAN utilises an iterative deconvolution of the spectral window in the frequency domain. After deriving the CLEAN spectra of each record, the signals were reconstructed in the time domain using only frequency components within the Milankovitch range (i.e. periods between 125 and 18 kyr, see Fig. 4, top) . This preprocessing procedure acted to reduce the contribution of high frequency oscillations in the input signals, therefore improving the signature of the orbital components within the climatic time series. A Morlet wavelet (g 0 = 6) was selected for the CWT and the reconstructed M-Stack and ODP677 time series were analysed using modi¢ed versions of the MATLAB algorithms written by Terrence and Compo (Wavelet software was provided by C. Torrence and G. Compo, and is available at URL : http://paos. colorado.edu/research/wavelets/). Fig. 4 , bottom, shows the wavelet-derived time^frequency plane of the selected time series. The growth of a component with period V100 kyr is seen to pass the 95% energy level at V680 ka in both the ODP677 N 18 O record and M-Stack, a result which is consistent with the wavelet analysis on core ODP607 by Lau and Weng (1995) .
The wavelet time^frequency decomposition of the palaeoclimatic time series complements the coherence of the records in the time domain and demonstrates that the growth of the eccentricity component appears to be e¡ectively synchronous in the oceanic realm and East Asian monsoon system.
Discussion and conclusions
The 'L 15 event' at V1200 ka is recorded in the Lingtai MGS record and SR-Stack and is consistent in its structure with records from locations throughout the loess plateau (see also Guo et al., 1998) . The magnitude of MIS36 (i-cycle 115) does not appear to be su⁄cient to explain the extreme increases in MGS observed in L 15 , suggesting the formation of the unit may have been a product of an alternative forcing mechanism. Although it is not possible here to consider what this mechanism could be, it is important to note that such an extreme event in the terrestrial archive is synchronous with the marine northern hemisphere MPT precursor de¢ned by Mudelsee and Stattegger (1997) .
While the timing of the MPT in loess and (northern hemisphere) ocean records seems to be comparable, its expression in both realms, however, di¡ers. In a number of orbitally tuned oceanic N 18 O records, MIS16 shows an ice volume which is comparable to, or greater than that observed during MIS22 Bassinot et al., 1994; Tiedemann et al., 1994; Langereis et al., 1997) . In contrast, the MGS and SR records of the loess archive show the winter monsoon decreasing in strength between L 9 (MIS22) and L 6 (MIS16). This disparity between the ocean and terrestrial archives demonstrates that the MGS and SR parameters display a non-linear relationship with respect to ice volume, indicating that the state of the East Asian winter monsoon cannot simply be assumed to re£ect the climatic conditions of high northern latitudes. In contrast to the hypothesis of Fang et al. (1999a,b) , the weakening of the winter monsoon between L 9 and L 6 in the orbitally tuned loess records shows that it is unlikely that changes in the East Asian winter monsoon driven by uplift of the Tibetan plateau were responsible for the initiation and subsequent forcing of the MPT.
The MPT frequency shift in climatic cyclicity that is observed in the oceanic realm is clearly recorded in the loess archive. Time^frequency decomposition of the M-Stack using wavelet analysis shows an abrupt increase in the 100-kyr amplitude at V680 ka. The timing of this increase is synchronous with the growth of the 100-kyr component in the analysed ODP677 N 18 O record and is consistent with results obtained from the wavelet analysis of the ODP607 core by Lau and Weng (1995) .
